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) that make up the ICN A continuum. By starting from the equilibrium geometry of the anion, photoelectron spectroscopy characterizes the electronic structure of ICN at an elongated I-C bond length of 2.65 Å. Because of this bond elongation, the lowest three excited states of ICN ( 3 2 , 3 1 , and 3 0 − ) are resolved for the first time in the photoelectron spectrum. In addition, the spectrum has a structured peak that arises from the frequently studied conical intersection between the 3 0 + and 1 1 states. The assignment of the spectrum is aided by MR-SO-CISD calculations of the potential energy surfaces for the anion and neutral ICN electronic states, along with calculations of the vibrational levels supported by these states. Through thermochemical cycles involving spectrally narrow transitions to the excited states of ICN, we determine the electron affinity, EA(ICN), to be 1.34 5 
I. INTRODUCTION
Photoelectron spectroscopy is a highly successful technique for measuring intrinsic molecular properties, both thermochemical (such as ionization energies and bond strengths) and spectroscopic (such as electronic-state energies and vibrational frequencies). 1 In addition, negative-ion photoelectron spectroscopy frequently offers a unique advantage: the ability to investigate neutral species in a different molecular geometry than that accessed by conventional absorption spectroscopy. 2, 3 In this paper, we use photoelectron spectroscopy of ICN − to investigate the ground state and the first five excited electronic states of ICN. Here, too, negativeion photoelectron spectroscopy yields rich spectroscopic data that were inaccessible to previous studies of neutral ICN. The primary focus of this work is the ICN A continuum, which appears in direct absorption studies as a broad, unstructured feature, 4 containing several unresolved excited states with interesting dissociation dynamics. The ICN A continuum has been the subject of many investigations, and we direct the reader to an excellent review of the early work on gas-phase ICN by Zare and co-workers. 5 Briefly, exciting the high-energy side of the A continuum (210-300 nm) results in two photofragmentation channels, and many state-selective techniques have been used to characterize the dissociation a) Present Address: Sandia National Laboratories, Livermore, California 94550, USA. b) Authors to whom correspondence should be addressed. Electronic addresses: mccoy@chemistry.ohio-state.edu, wcl@jila.colorado.edu.
products: [4] [5] [6] [7] [8] [9] [10] ICN ( + CN( 2 + , E rot = 0.04 eV) channel 2.
Channel 1 is the lower energy dissociation channel and results in ground state I and rotationally excited CN; in contrast, channel 2 is higher in energy and yields spin-orbit excited I* and rotationally cold CN. This complex photolytic product distribution suggested non-adiabatic dynamics and stimulated intense interest in the electronic structure of ICN in the energy range of the A continuum and, more specifically, in the evolution of its electronic structure during I-CN dissociation.
The theoretical work of Morokuma and co-workers made a significant contribution to the interpretation of the experimental data on ICN dissociation in the A continuum. 11, 12 They performed ab initio calculations of the ICN potential energy surfaces and molecular dynamics simulations of A-continuum dissociation. The calculations showed that the A continuum consists of three optically accessible excited states: Photoelectron spectroscopy of ICN − provides a different set of selection rules than absorption spectroscopy of ICN; therefore, this technique allows us to characterize the ground state as well as the five excited electronic states that make up the ICN A continuum. Like dihalides, in forming ICN − the excess electron adds to the antibonding lowest unoccupied molecular orbital (LUMO) of ground state ICN, which weakens and lengthens the I-CN bond. Therefore, by starting at the anion equilibrium geometry, we interrogate the neutral electronic-state manifold at an elongated I-C bond length (2.65 Å), compared to that of the ICN ground state (1.99 Å). 23 The bond elongation places the anion in a configuration such that the first three excited states of ICN are resolvable in the anion photoelectron spectrum. Also, this molecular geometry gives the most intense Franck-Condon overlap in the conical intersection region, which comprises the 3 0 + and 1 1 states.
We report the photoelectron spectrum of ICN − and ICN − · Ar in the spectral region of the ICN A continuum. Well-separated peaks yield vertical detachment energies (VDE) for the first three electronic states ( states. Recent calculations of the anion and neutral ground-and excited-state potential curves assist in the assignment of the photoelectron spectrum. 24 Additionally, we employ thermochemical cycles to obtain the adiabatic electron affinity, EA(ICN), and the dissociation energy of the anion ground state, D 0 (X 2 + I-CN − ).
II. EXPERIMENTAL METHODS
A full description of the experimental apparatus that includes the anion source, the Wiley-McLaren mass spectrometer, and the photoelectron-velocity-map-imaging (VMI) spectrometer is available in previous publications. [25] [26] [27] [28] A brief summary of our experiment follows.
In order to generate ICN − or ICN − · Ar, 15 psig of CO 2 or 40 psig of Ar gas passes over a solid sample of ICN (synthesized according to the procedure of Bak and Hillebert 29 ). The gas expands into the source chamber through a heated (∼30
• C), pulsed General Valve nozzle (0.8-mm orifice, series 9, Parker Hannifin). The gas pulse interacts with a counterpropagating 1-keV electron beam, producing anions through secondary electron attachment. To increase the stability and intensity of the anion beam, a ring magnet is mounted on the gas nozzle faceplate to guide the electron beam toward the throat of the gas expansion. The anions are then extracted into a 2-m Wiley-McLaren-timeof-flight mass spectrometer, 30 which spatially focuses the mass-selected ICN − or ICN − · Ar at the anion-laser interaction region. Slightly decreasing both the flux of electrons directed towards the gas expansion and the pulse width of the gas expansion increases the ICN − · Ar signal. When optimizing for the Ar-solvated ion, we obtain a 2:1 ratio of ICN − :ICN − · Ar. There is no observable difference in the ICN − photoelectron spectrum for expansion in CO 2 or Ar. The present experiment requires several different photodetachment wavelengths ranging from 223 to 500 nm. The third harmonic of a pulsed Nd:YAG laser (Infinity, Coherent, Inc.) is utilized to pump an optical parametric oscillator, producing tunable signal and idler radiation ranging between 420 and 2200 nm. Using the signal output directly or doubling the signal frequency in a BBO crystal, we generate the required photodetachment radiation, all with energies of 0.1-1 mJ/pulse, and mildly focus it into the anion-laser interaction region.
The anion-laser interaction produces photoelectrons within the VMI spectrometer, 31, 32 which consists of a threeelement electrostatic focusing lens, a field-free flight region, and a spatially sensitive detector. The detector consists of a dual set of 40-mm microchannel plates (Burle, Inc.), a P47 phosphor screen (Burle, Inc.), and a cooled charge-coupled device camera (LaVision) that captures the 2D projection of the 3D-photoelectron velocity distribution. The laser propagation, mass-separated anion beam, and extracted photoelectron directions are mutually perpendicular with the laser light polarized parallel to the detector plane.
The basis set expansion Abel inversion algorithm (BA-SEX) is used to reconstruct the 3D photoelectron distribution from the raw 2D image and to integrate over the photoelectron angular distribution, obtaining the photoelectron intensity as a function of electron speed. 33 We use a Jacobian correction factor to obtain the photoelectron spectrum as a function of electron kinetic energy, eKE. The spectra are then converted from eKE to electron binding energy, eBE = hv − eKE, which makes them independent of the photon energy used. We collect background signals by delaying the laser pulse with respect to the anion packet (such that there is no temporal overlap) and subtract them from the photodetachment images to produce the reported spectra.
We calibrate and focus the photoelectron spectrometer with the known EA and spin-orbit splitting of the iodine atom by using I − , 34 which is produced in our anion source concurrently with ICN − . In the present experiments, the electron kinetic energy broadening, E/E, is typically 4%-6%; e.g., a photoelectron peak with a center energy of 0.5 eV has a full width at half maximum (FWHM) of 0.025 eV. However, as is typical for VMI detection, E/E increases for near-threshold electrons (eKE < 0.2 eV). For low kinetic energy features, E/E is about 16%, equivalent to a FWHM of 0.008 eV at a kinetic energy of 0.050 eV.
Photodetachment from I
− results in a sharp atomic transition, whose center can easily be determined to within about 0.001 eV. Because of the changing energy resolution, we measure discrete regions of the photoelectron spectrum at varying laser wavelengths and then combine these sections into an overall spectrum. The reported uncertainties in the measured peak VDEs are combinations of the experimental energy resolution, uncertainty in the photodetachment wavelength, and uncertainty in the fitting of the spectral features.
III. ELECTRONIC STRUCTURE CALCUATIONS
To support the assignments of the photoelectron spectrum, we perform a series of ICN and ICN − electronic structure calculations at the MR-SO-CISD level of theory, using augmented triple-zeta basis sets. The approach is based on earlier work of Morokuma and co-workers; 11, 12 the details of the electronic structure calculations as well as the resulting potential energy surfaces for the anion and neutral ground states are presented in Ref. 24 . Two-dimensional surfaces have been calculated for the ground states of ICN and ICN − , and 1D cuts through the ICN excited-state potentials in the ICN and INC geometries were obtained at a fixed CN distance of 1.16 Å. The first set of 1D cuts ( Fig. 1(a) ) is plotted as a function of the distance between the I and the center of mass of CN, R(I-CN COM ), and the second set of cuts ( Fig. 1(b) ) is a function of the angle between the vector R(I-CN COM ) and the CN bond, θ , with R(I-CN COM ) = 3.2 Å. This angle is defined such that the ICN and INC geometries correspond to θ = 0
• and 180
• , respectively. The anion ground state curves in Figs. 1(a) and 1(b) were shifted from the neutral curves by −0.4 eV to obtain better agreement with the measured VDE of the As noted in Fig. 1(b) , the equilibrium structures of both ICN and ICN − are linear; and as is shown in Fig. 1(a) , the equilibrium bond distance in the ground electronic state of ICN − is R e,ICN -(I-CN COM ) = 3.27 Å or, equivalently, an I-C bond distance of 2.65 Å. This is roughly 0.7 Å longer than the corresponding distance in neutral ICN and shows that the photoelectron spectra provide information on portions of the ICN potentials that are not accessible by simple photoabsorption from the ground state of ICN. Based on these surfaces, the I-CN stretch and ICN bend frequencies are 235. 3 2 , and 3 1 ) from this work, along with previously measured values for ICN (X 1 + ). For the present study, we need to consider the vibrational properties of the excited states of ICN. This is done by evaluation of the vibrational energies and wave functions based on the 1D cuts that are plotted in Fig. 1 . In particular, the potential energy curves in Fig. 1(a) are interpolated using a cubic spline, and stretch states are evaluated in a discrete variable representation. 35 For these calculations, an evenly spaced grid of points was used, which spanned from 0.3 to 8.0 Å with at least 500 grid points. The wave functions obtained from these 1D cuts were then used to evaluate the 1D Franck-Condon factors for the I-CN stretch between the v = 0 electronic ground state and the three lowest-energy bound states of ICN. According to the analysis for theX 1 + state, the Franck-Condon factor for the v = 0 → v = 0 transition is essentially zero; instead there is maximum overlap with the v = 0 → v = 29 transition. For the two excited states, the geometry change compared to the anion electronic ground state is minor; therefore, the 1D Franck-Condon analysis for the 
IV. RESULTS
In anion-photoelectron spectroscopy, the photodetachment radiation promptly removes an electron from the initially prepared anion; thus, in the spectra, "vertical" transitions to neutral electronic states dominate without significant changes in the molecular geometry. Therefore, the calculated potential energy curves of ICN − and ICN provide an initial prediction of the photoelectron spectrum. Figures 1(a) and  1(b) show the wave function for the anion v = 0 ground state, (R, θ ); in addition, the dotted, vertical lines and grey box highlight the Franck-Condon region, which overlaps spatially with the For comparison, the inset shows the photoelectron spectrum of IBr − . 25 The portion of the photoelectron spectrum corresponding to the ICN ground electronic state should be a broad envelope, comprising a long unresolved progression of I-CN vibrational states; the intensity of the vibrational origin transition is likely to be negligible. Conversely, transitions to the first two excited electronic states of ICN, − and IBr − further corroborates our photoelectron peak assignments, 25, 36, 37 and this comparison is shown with the photoelectron spectrum of IBr − (see Fig. 2  inset) . Solvation by Ar results in a 30 meV shift to higher binding energy and a sharpening of the peaks for both electronic states. The shoulder on the higher binding energy side of the 3 2 feature becomes more prominent in the ICN − · Ar spectrum and lies ∼20 meV above the main peak, which is consistent with the calculated I-CN stretch frequency of the 3 2 state.
In the I 2 − and IBr − photoelectron spectra, bands corresponding to the transitions are still somewhat greater (17 and 18 meV, respectively) than the experimental resolution (10 meV); however, the shoulder on the 3 2 peak becomes more prominent in the ICN − · Ar spectrum and reinforces our analysis.
V. DISCUSSION

A. Photoelectron spectrum of ICN
−
We further interpret the five peaks in the ICN − photoelectron spectrum by considering the Franck-Condon overlap between the anion ground state and the neutral states as well as by drawing parallels with the spectra of dihalides. 25, 36, 37 The shape of the ICN(X 1 + ) peak resembles that of the ground states in the I 2 − and IBr − spectra, where the peaks are broad and the ground-state origins are not observed. In the spectra of the dihalides, the breadth of the ground state envelope results from a significant change in the I-X, X = I or Br, equilibrium bond distance between the anion and neutral. The large bond elongation occurs because the highest-occupied molecular orbital (HOMO) of the IX − ground-state electronic configuration is antibonding (σ *). Removing this electron produces the ground electronic state of neutral IX with and IBr − spectra, the maximum intensity from the groundstate envelope corresponds to ∼30 quanta in the I-I or I-Br stretch. 25, 36 Similarly for ICN, there is a large I-CN bond elongation upon anion formation; therefore, the origin peak is not observable. Based on the 1D cuts through the ICN ground state potential (black curve in Fig. 1(a) ), the calculated maximum in the Franck-Condon envelope corresponds to the vibrational level with 29 quanta in the I-CN stretch.
The next two higher binding energy peaks in the ICN − photoelectron spectrum correspond to transitions to the ICN (Table II) . The large error bars come from the uncertainty in the EA(ICN); both the EA(ICN) and corresponding error bars are developed in Sec. V C. The next highest binding energy peak (VDE = 5.025 ± 0.005 eV) in the spectrum is the transition to the dissociative ICN ( 1 conical intersection region, which is the major determining factor in the product distributions following excitation to the dissociative A continuum. (Note that the feature that results from accessing the conical intersection region also overlaps with transitions to the nearby 3 0 − state, which is not a contributor to the conical intersection.) The peak is too broad to determine how each electronic state contributes to the shape. However, the measured VDE agrees very well with the calculated energy of the conical intersection and corroborates the earlier theoretical work. In addition, our results suggest a potentially useful strategy for future studies of ICN dissociation. By starting from the anion ground electronic state and using a photodetachment energy of 5.25 eV, it may be possible to prepare a starting ensemble of ICN molecules with a thermal distribution of internal energy close to the conical intersection. Such studies would further test the theoretical framework and give new insights into ICN photodissociation dynamics.
None of the peaks in the photoelectron spectrum of ICN − contain resolved vibrational structure, which is somewhat surprising considering the analogous spectra of dihalides. 25, 36, 37 The calculations show little to no change in either the C-N bond length or the ICN angle, θ , between the anion and the three bound electronic states of ICN that we surveyed. Therefore, the I-CN stretch is expected to be the strongest active vibrational mode in the photoelectron spectrum of ICN − . In a separable model, transitions corresponding to v bend = 0, 2, 4, . . . of the bending mode are also totally symmetric and, therefore, allowed. However, based on a 2D treatment of the vibrations of electronic ground-state ICN, we find more than 100 totally symmetric vibrational levels within a 0.2 eV window centered at the maximum in the FranckCondon overlap. 24 The >100 vibrational levels resulting from the 2D calculations are in sharp contrast with the five vibrational levels in the same energy range in the 1D calculations, reflecting the large stretch-bend coupling at this high level of vibrational excitation. As a result, the states in this energy region are highly mixed in character. Specifically, of the >100 states in this energy region, roughly half have Franck-Condon intensity that is at least 3% of the most intense transition, and half of these have intensity that is at least one-third that of the most intense transition. If hot bands were included in this calculation, the number of transitions that would contribute to the spectrum would be much larger. It is for this reason that individual vibrations are not spectrally resolved in transitions to the ground state of ICN. In contrast, the separable model should hold true for the low vibrational levels populated in the Fig. 2 inset) . 25, 38, 39 Yet, such progressions are not resolved in either of the ICN peaks, suggesting that other contributions are congesting the spectrum.
The potential energy curves shown in Fig. 1(b) suggest that the spectral congestion arises from population of the bending modes in the anion. The minimum energy geometry of the anion ground state is linear, but the potential energy does not significantly increase until the bend angle exceeds 30
• . This "softness" of the ICN − bending potential is responsible for the low frequency of the bend vibration, 70.3 cm −1 (9 meV), in the anion electronic ground state (see Table I ). In contrast, the I-CN stretching frequency is much higher, 235.2 cm −1 (29 meV) . The vibrational temperature of the anion source is approximately 150 K, which corresponds to ∼97% of the ICN − population being in the first seven quanta of the bend with roughly equal amounts of population in v bend = 0 and 1 (32% in each). This temperature also results in <3% of the population in the first excited I-CN stretch state and ∼0% of the population being in the C-N stretch. In addition, the potential wells in both the 3   2 and   3 1 states are shallow, and the bending potentials are quite loose, which suggests very low frequencies for the excited-state bends. Therefore, photodetachment from thermally bend-excited anions results in a congested photoelectron spectrum with the bend, stretch, and combination modes active, which yields vibrationally unresolved transitions to the ICN 3 2 and 3 1 states. All of these speculations suggest that additional cooling of the anion, via Ar tagging, might be advantageous.
B. Photoelectron spectrum of ICN − · Ar
To reduce the spectral congestion in the photoelectron spectrum of ICN − , we employ a common technique for ion cooling: argon tagging. Argon typically binds very weakly to anions and thus cools them efficiently by collisions and by evaporation from hot cluster anions. 40, 41 The photoelectron spectrum of ICN − · Ar, shown as the red trace in Fig. 3 , is similar to the bare ICN − spectrum except for a shift in the peak position and a reduction in peak width, thus providing evidence that Ar minimally perturbs the anion. The peak shift to slightly higher binding energy, 30 meV, is the difference in solvation energy between the anion and neutral ICN, with the anion being more strongly solvated than the neutral. Assuming that the ICN · Ar solvation energy is between the binding energy of HCN · Ar (10 meV) and I 2 · Ar (30 meV), we deduce the ICN − · Ar binding energy to be 40-60 meV. 42, 43 This estimate is consistent with that of I 2 − · Ar (53 meV) and I − · Ar (44 meV). 37, 44 Because of the reduced internal energy of the Ar-solvated anion, the photoelectron spectrum of ICN − · Ar is less congested than the bare ICN − spectrum. The photoelectron peaks corresponding to transitions to the 1 transitions are still broader than the experimental resolution. The breadth in the excited state transitions indicates that even though the ICN − within the Ar cluster is vibrationally colder than the bare species, its population is still not restricted to the v = 0 ground state. Also, we cannot discount the additional intermolecular vibrations introduced by the Ar atom, which may broaden the spectrum slightly.
Similarly, the Ar-tagging technique could simplify the spectrum in the conical intersection region. Without Ar tagging, the photoelectron peak corresponding to the conical intersection region is too broad to separate the contributions This work provides the first determination of the EA(ICN) and D 0 (X 2 + I-CN − ), summarized in Table II .
The D 0 (X 2 + I-CN − ) value is consistent with, but more accurate than, the calculated value of 0.99 eV reported in Table I . A particularly interesting observation is the dramatic I-CN bond weakening that occurs upon electron addition to neutral ICN. This addition changes the I-CN dissociation energy by a factor of four: anion D 0 (X 2 + I-CN − ) = 0.83 eV and neutral D 0 (X 1 + I-CN) = 3.345 eV. 21 This substantial bond weakening, brought about by the addition of a single antibonding electron, can be rationalized by the strong interaction of the iodine p orbital with the CN σ bonding orbital, which forms a high-energy σ * antibonding LUMO in ICN. 24 This destabilization of the bond caused by the addition of an antibonding electron holds true for both ICN and dihalides, permitting the many comparisons employed in this work. However, the qualitative comparison does not transfer quantitatively to the EA and D 0 due to the σ CN orbital, which is not present in the dihalides, strongly interacting with the p I orbital.
VI. CONCLUSION
We report the photoelectron spectra of ICN − (and ICN − · Ar), which provide a characterization of the electronic structure of ICN at an extended I-CN bond length that is not accessible by direct ICN photoabsorption. One advantage of this technique is that the electronic states contained within the well-studied A continuum of ICN are largely resolved, specifically the first three excited electronic states of ICN and the conical intersection region between the In addition to the reported photoelectron spectrum of ICN − , we observe low-kinetic energy electrons that do not vary with photon energy over the range from 2.5 to 4.2 eV; the basis for these indirect photodetachment products is discussed in Ref. 46 .
